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Network reuse, or co-option, has been
implicated in explaining the origins of
many complex structures. Glassford et al.
demonstrate that a newly evolved
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that is unique to the Drosophila
melanogaster subgroup co-opted an
embryonic transcriptional network that
contributes to the development of a larval
breathing structure.
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The evolutionary origins of complex morphological
structures such as the vertebrate eye or insect wing
remain one of the greatest mysteries of biology.
Recent comparative studies of gene expression
imply that new structures are not built from scratch,
but rather form by co-opting preexisting gene net-
works. A key prediction of this model is that up-
stream factors within the network will activate their
preexisting targets (i.e., enhancers) to form novel
anatomies. Here, we show how a recently derived
morphological novelty present in the genitalia of
D. melanogaster employs an ancestral Hox-regu-
lated network deployed in the embryo to generate
the larval posterior spiracle. We demonstrate how
transcriptional enhancers and constituent tran-
scription factor binding sites are used in both ances-
tral and novel contexts. These results illustrate
network co-option at the level of individual connec-
tions between regulatory genes and highlight how
morphological novelty may originate through the
co-option of networks controlling seemingly unre-
lated structures.
INTRODUCTION
‘‘.structural genes are building stones which can be
used over again for achieving different styles of architec-
ture.evolution is mostly the reutilization of essentially
constituted genomes.’’
—Emile Zuckerkandl (Zuckerkandl, 1976)
Evolutionary biologists have long been intrigued by the origins of
biological complexity. While the complexity of living systems can
be considered at multiple levels of organization (e.g., the origins
of DNA-based life [Crick, 1968; Orgel, 1968], organelles [Sagan,
1967], or multicellularity [Bonner, 1998]), the evolutionary origin
of morphological complexity is a developmental problem (Muller
and Wagner, 1991). Morphological structures are patterned and
formed during the process of embryonic development, and each
cell in the developing organism must derive unique physical520 Developmental Cell 34, 520–531, September 14, 2015 ª2015 Elsproperties from an identical DNA code. This apparent paradox
is solved by differential gene activity, governed by vast gene reg-
ulatory networks (GRNs) (Davidson, 2001). Regulatory factors
within GRNs bind transcriptional regulatory sequences such as
enhancers to combinatorially determine the expression status
of each gene of the network in morphological space and devel-
opmental time (Small et al., 1992). Hence, an understanding of
the origins of morphological complexity necessitates investiga-
tions into how GRNs originate.
A growing body of evidence has implicated the re-use, or
co-option, of existing networks in the evolution of novel morpho-
logical structures (Gao and Davidson, 2008; Keys et al., 1999;
Kuraku et al., 2005; Moczek and Nagy, 2005). For example,
expression of the appendage-patterning network within the
developing beetle horn suggests that this novelty arose through
the establishment of a new proximo-distal axis (Moczek and
Nagy, 2005; Moczek and Rose, 2009; Moczek et al., 2006).
Such findings evoke a scenario in which a cohort of downstream
appendage enhancers was in turn activated in the new setting,
generating a unique developmental output. However, instances
of co-option have traditionally been supported by correlations in
gene expression, relationships that may arise without the reuse
of existing circuits (Abouheif, 1999). Currently, examples that
illustrate this phenomenon at the level of enhancers and the con-
stituent binding sites that were co-opted are lacking.
Here, we trace the evolutionary history of the posterior lobe, a
recently evolved morphological structure present in the model
organismDrosophila (D.)melanogaster at the level of its network,
enhancers, and the transcription factor binding sites of which
these are composed.
RESULTS
The Posterior Lobe Is aMorphological Novelty Unique to
the D. melanogaster Subgroup
Male genitalia represent themost rapidly evolvingmorphological
structures in the animal kingdom (Eberhard, 1985) and are
often used to taxonomically distinguish insect species. The pos-
terior lobe is a hook-shaped outgrowth unique to the external
genitalia of D. melanogaster and its closest relatives in the mel-
anogaster clade (Figure 1) (Jagadeeshan and Singh, 2006;
Kopp and True, 2002). A cuticular projection similar to the poste-
rior lobe is also present in the yakuba clade (Yassin and Orgo-
gozo, 2013), suggesting a recent origin of this structure in the
melanogaster subgroup (Figure S1). Amongmembers of themel-
anogaster clade, the posterior lobe is highly divergent in shapeevier Inc.
Figure 1. The Posterior Lobe Is a Morphological Novelty Unique to
the D. melanogaster Clade
(A) Scanning electron micrograph of a D. simulans male with relevant struc-
tures labeled.
(B) Tree depicting the phylogenetic relationships of the species in this study,
and brightfield images of their lateral plate cuticle morphologies. The posterior
lobe is an outgrowth of the lateral plate unique to the melanogaster clade
(arrows).
See also Figure S1.and size and represents the only reliable character to distinguish
species identity (Coyne, 1993). During mating, the posterior lobe
is used by the male to grasp the female ovipositor (Jagadeeshan
and Singh, 2006) and subsequently is inserted between cuticular
plates at the posterior of the female abdomen during genital
coupling (Robertson, 1988). Given the recent evolution of the
posterior lobe and its presence in D. melanogaster, a highly trac-
table model organism for studying the structure and evolution of
GRNs, we sought to elucidate its evolutionary origins.An Ancestral Enhancer of Pox neuroWas Co-opted into
the Posterior Lobe Network
To trace the evolutionary history of the posterior lobe, we first
examined Pox neuro (Poxn), a gene that is critical to its devel-
opment. Poxn encodes a paired-domain transcription factor
required for proper posterior lobe formation (Boll and Noll,
2002). In a comprehensive survey of the regulatory region of
Poxn, a segment spanning the second exon and intron (Fig-
ure 2A) was found to be required for posterior lobe development
(Boll and Noll, 2002). To examine the role of this enhancer in gen-
ital development and identify how this role evolved, we cloned
this segment of the D. melanogaster Poxn gene into a GFP
reporter construct (Figure 2A). Transgenic animals bearing the
genital enhancer of Poxn drive expression both before and dur-
ing posterior lobe development. At 32 hr after puparium forma-
tion (hAPF), a time that precedes the formation of the posterior
lobe (see Figures S2A–S2L for a time course of genital develop-
ment in lobed and non-lobed species), we observed broad GFPDevelopmenexpression in a zone that straddles the presumptive clasper and
lateral plate (Figure 2D). As the posterior lobe emerges from the
lateral plate and assumes its adult morphology, the reporter
expresses high levels of GFP in the developing lobe (Figure 2E,
arrow). This portion of the Poxn regulatory region accurately
recapitulates the endogenous expression of Poxn mRNA and
protein in the D. melanogaster lateral plate (Figures 2B and 2C;
Figures S2M and S2N).
The high level of reporter and Poxn mRNA in the developing
posterior lobe strongly suggests that Poxn plays a direct role
during posterior lobe development. To examine how this role
evolved, we first analyzed its expression in species that lack
this structure. At 32 hAPF, the early pattern of Poxn expres-
sion in the non-lobed species D. ananassae greatly resembles
that of D. melanogaster prior to posterior lobe formation (Fig-
ure 2F). However, Poxn expression quickly subsides in the
D. ananassae lateral plate once it has separated from the clasper
(Figure 2G). Similar results were obtained for two additional non-
lobed species,D. biarmipes andD. pseudoobscura (Figures S2M
andS2N), suggesting that late, high levels ofPoxn expression are
uniquely associated with the development of this novelty.
Differences in Poxn expression between lobed and non-lobed
species may be due to changes in the posterior lobe enhancer
region (i.e., in cis) or could be caused by changes in trans that
altered upstream regulators in the genitalia (Wittkopp, 2005).
To distinguish between these possibilities and ascertain whether
the posterior lobe enhancer of Poxn recently derived its function,
we examined the activity of this enhancer from species that lack
this structure. Sequences orthologous to the D. melanogaster
posterior lobe enhancer region were cloned from several
non-lobed species and tested for the ability to drive GFP reporter
expression in the D. melanogaster posterior lobe. The poste-
rior lobe enhancer regions of D. ananassae, D. yakuba, and
D. pseudoobscura Poxn all drove GFP expression that closely
matched the pattern and timing of the D. melanogaster reporter
construct (Figures 2H and 2I; Figures S3G’–S3I’). The ability of
the posterior lobe enhancer region to produce strong expression
in the developing posterior lobe despite the lack of this structure
in these species strongly indicated that it predated the evolution
of this novelty.
As our findings implied the absence of functionally significant
changes in the Poxn enhancer during the evolution of the poste-
rior lobe, we next tested whether a non-lobed species’ enhancer
could rescue the posterior lobe of a D. melanogaster Poxn
mutant. The D. melanogaster posterior lobe enhancer is capable
of generating amild rescue of thePoxn null posterior lobe pheno-
type when fused to Gal4, driving a UAS-Poxn construct (Fig-
ure S3L). We observe that the orthologous regulatory region of
D. pseudoobscura is also capable of generating a similar degree
of rescue (Figure S3M). These experiments confirm the ancestral
capability of the posterior lobe enhancer region to drive the
expression necessary to generate a derived structure, suggest-
ing that an ancestral function of this region was co-opted during
the evolution of this novelty. We subsequently considered what
this ancestral activity may be.
In the initial screen of the Poxn regulatory region (Boll and Noll,
2002), several additional activities of Poxn were mapped to a
domain overlapping the posterior lobe activity (Figure 2A). As
these specificities may represent ancestral functions that weretal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 521
Figure 2. A Deeply Conserved Enhancer of
Poxn Is Required for Posterior Lobe Devel-
opment
(A) Schematic of the Poxn locus, displaying a
subset of the described enhancer activities (Boll
and Noll, 2002) and indicating the relative position
of a posterior lobe reporter construct.
(B and C) Accumulation of Poxn mRNA during
genital development of D. melanogaster at (B) 32
hAPF and (C) 48 hAPF.
(D and E) Activity of the D. melanogaster posterior
lobe reporter at (D) 32 hAPF and (E) 48 hAPF.
(F and G) Expression of Poxn in D. ananassae
showing mRNA accumulation in the region be-
tween clasper and lateral plates (F), but not at
the site where a lobe would develop (G).
(H and I) Despite the absence of a posterior lobe
in D. ananassae, the orthologous posterior lobe
enhancer region drives expression preceding
(H) and during posterior lobe development of
D. melanogaster (I). CL, clasper; LP, lateral plate;
AP, anal plate, PE, penis, PL, posterior lobe.
See also Figure S2.co-opted as the posterior lobe originated, we examined whether
any of these were contained within our reporter fragment.
Although many of the described activities were located outside
of our reporter construct, strong expression was observed
in an embryonic structure—the posterior spiracle (Figure 3A).
Indeed, further subdivision of our reporter fragment failed to
separate posterior spiracle from posterior lobe activities (Fig-
ure S3A). We next evaluated the possibility that the posterior
spiracle enhancer of Poxn was co-opted during the origination
of the posterior lobe.
Shared Topology and Membership of the Posterior Lobe
and Spiracle Networks
The posterior spiracle is a larval structure that is connected to
the tracheal system, providing gas exchange to the larva (Fig-
ure 3D).Poxn is expressed in the embryonic region that develops
into the posterior spiracle (Figure 3B), and Poxn mutants exhibit
multiple defects in the spiracle, including transformation of
sensory structures (Boll and Noll, 2002) and a shortening of the
stigmatophore, an external protuberance that supports the
spiracle (Figure 3E). The stigmatophore defect of Poxn can be
rescued by a transgenic construct containing the posterior
lobe and spiracle enhancer fused to a Poxn cDNA (Figure 3F).522 Developmental Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc.The posterior spiracle is specified dur-
ing embryogenesis by a network of
genes that is activated by the Hox gene
Abdominal-B (Abd-B) (Figure 3G) (Hu
and Castelli-Gair, 1999). Intriguingly, gen-
ital development also depends upon
Abd-B, resulting in genital-to-leg transfor-
mations in its absence (Estrada and Sa´n-
chez-Herrero, 2001).
Considering the apparent parallels
between the posterior lobe and the pos-
terior spiracle, we speculated that addi-
tional components of the spiracle networkmight be active in the developing genitalia. The JAK/STAT
pathway plays a critical role in the posterior spiracle network
(Lovegrove et al., 2006), and its ligand, encoded by the unpaired
gene (upd, also known as os) (Harrison et al., 1998), is expressed
at high levels in the developing posterior lobe (Figure 4A). This
pattern is consistent with the activity of a JAK/STAT signaling
reporter (Bach et al., 2007), which is expressed at high levels dur-
ing posterior lobe development (Figure 4B; Figures S4D–S4F).
Reduction of JAK/STAT signaling in the genitalia by transgenic
RNAi hairpins directed toward the receptor (dome), kinase
(hop), or transcription factor (Stat92E) resulted in drastic reduc-
tions in the posterior lobe’s size compared to a control RNAi
hairpin (Figures 4C–4F and 4T). Hence, the major signaling
pathway that patterns the posterior spiracle is also active in
the novel posterior lobe structure.
We identified three additional top-level transcription factors
of the posterior spiracle network that are active during the
development of the posterior lobe. Abd-B and Spalt proteins
are both deployed in broad domains that include the posterior
lobe (Figures 4G and 4H; Figures S4I and S4J), consistent with
severe genital defects in Abd-B (Estrada and Sa´nchez-Herrero,
2001; Foronda et al., 2006) and spalt mutants (Dong et al.,
2003). In contrast, Empty spiracles (Ems), named for its spiracle
Figure 3. The Posterior Lobe Enhancer of Poxn Is Active in the
Hox-Regulated Network of the Posterior Spiracle
(A) Transgenic embryo bearing the D. melanogaster posterior lobe enhancer
reporter.
(B) Antibody staining of Poxn protein in the posterior spiracle anlagen of the
stage 13 (St13) D. melanogaster embryo presented in (A).
(C) Merged image of (A) and (B), showing the Poxn enhancer (green) and Poxn
protein (magenta).
(D) Scanning electron micrograph of a wild-type (wt) third instar larva, showing
the posterior spiracle structure.
(E) The Poxn null mutant posterior spiracle is shorter relative to wild-type.
(F) Rescue of posterior spiracle defects of a Poxnmutant by a fragment of the
Poxn locus containing the lobe and spiracle enhancer fused to a Poxn cDNA.
(G) Diagram of the posterior spiracle network, adapted from Hu and Castelli-
Gair (1999) and Lovegrove et al. (2006). The addition and placement of Poxn
and eya within this network is based upon data presented in this work.
Arrows in (A)–(F) point to the posterior spiracle. See also Figure S3.phenotype (Ju¨rgens et al., 1984), is expressed in a restricted
genital pattern similar to Poxn (Figure 4I; Figure S4K). In sum-
mary, five transcription factors required for posterior spiracle
development (Abd-B, Poxn, Spalt, Ems, and activated STAT)
are deployed in the novel posterior lobe context, suggesting a
highly similar trans-regulatory landscape governing these two
structures.
While the trans-regulatory landscapes of the lobe and spiracle
bear an unexpected resemblance, they also appear to impart aDevelopmenhigh degree of spatial specificity. Abd-B is restricted to poste-
rior body segments (Celniker et al., 1989), while Poxn, Spalt,
and Ems rarely overlap in expression (Dalton et al., 1989; Dam-
bly-Chaudie`re et al., 1992; Ku¨hnlein et al., 1994). The JAK/
STAT pathway is recurrently deployed during development,
but very few tissue settings would include all five factors. We
therefore reasoned that downstream genes in the spiracle
network might be activated in the developing posterior lobe.
To test this possibility, we monitored their expression during
genital development. In five genes of this network—engrailed
(en), crumbs (crb), Gef64C, Cad86C, and eyes absent (eya)—
we found corresponding expression within the developing
posterior lobe (Figures 4J–4N; Figures S5A–S5E). Hence, a total
of at least 10 genes are shared between the 2 networks. We
investigated the hierarchal relationship between several of
the identified genes by targeting both upper and lower tiers of
the network using RNAi hairpins, and measuring downstream
effects on gene expression. Reduction of JAK/STAT signaling
led to measurable decreases in the expression of Ems, Crb,
and Eya (Figures S5F–S5K), while the reduction of crb,
Gef64C, or Cad86C did not alter the pattern of Ems expression
or JAK/STAT pathway activity measured from the 10X STAT re-
porter (not shown). Two genes whose expression in the posterior
lobe depends on dome have been linked to JAK/STAT activity in
the posterior spiracle, crb (Lovegrove et al., 2006) and eya (see
below). These results support a shared topology between the
two networks.
The sharing of genes between the spiracle and lobe networks
may be due to their recent recruitment to posterior lobe develop-
ment, which would predict that their expression is specific to
species that possess this structure. To determine whether the
activity of these genes differs between lobed and non-lobed spe-
cies, we examined their expression in non-lobed species at time
points corresponding to stages in which the D. melanogaster
lobe emerges. Ems exhibits strong lobe-specific activity that
is absent in non-lobed species (Figure S4K); however, both
Spalt and Abd-B are widely and strongly expressed in all
species tested (Figures S4I and S4J). upd mRNA is weakly
present in early genitalia prior to lobe development in both
lobed and non-lobed species, but persists and intensifies in
D. melanogaster during lobe development (Figure S4A). Down-
stream spiracle network genes eya, en, crb, Gef64C, and
Cad86C are active in several locations within the genitalia, but
all exhibit unique lobe-specific expression patterns (Figures
S5A–S5E). Thus, of the 10 shared genes that we have discov-
ered, 8 are unique to lobed species during the stages of this
structure’s emergence.
To confirm that the identified posterior spiracle genes actively
participate in posterior lobe development, we targeted ems, crb,
Gef64C, Cad86C, and eya with RNAi hairpins driven by genital
drivers. Reduction of ems, Gef64C, and Cad86C significantly
reduced the size of the posterior lobe, suggesting that they posi-
tively contribute to lobe development, while reduction of crb and
eya significantly increased the size of the lobe compared to a
control RNAi hairpin, which may indicate an inhibitory or
restrictive role in the lobe’s development or expansion (Figures
4O–4T). Thus, genes of the spiracle network that are specifically
restricted to this novel structure during its development
contribute to its construction.tal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 523
Figure 4. Shared Topology and Membership of the Posterior Lobe
and Spiracle Networks
Antibody staining (G–L) and in situ hybridization (A, M, and N) reveal the
deployment of several posterior spiracle network genes within the posterior
lobe during genital development (arrows).
(A and B) Expression of upd mRNA in the developing lobe (A) closely mirrors
the activity of a 10XStat92E-GFP reporter (B).
(C–F) Reduction in expression of members of the JAK/STAT signaling pathway
hop (D), dome (E), or Stat92E (F) reduces the size of posterior lobe relative to a
control (C).
(G–I) The top-tier spiracle network factor Ems (I) is strongly expressed
within the developing posterior lobe, while Abd-B (G) and Sal (H) are pre-
524 Developmental Cell 34, 520–531, September 14, 2015 ª2015 ElsShared Enhancers Underlie the Parallel Topologies of
the Lobe and Spiracle Networks
The striking similarity between the posterior lobe and spiracle
networks may reflect the convergent evolution of similar network
topologies or could result from co-option of the ancestral pos-
terior spiracle network in generating the lobe. To distinguish
between co-option and coincidence, we tested additional en-
hancers of the posterior spiracle network for posterior lobe
activity (see Experimental Procedures). In the case of co-option,
multiple enhancers of the posterior spiracle network would be
active in the posterior lobe, whereas convergence would pro-
duce enhancer activities in distinct locations within each shared
gene’s regulatory region.
The crb gene is deployed in the posterior spiracle through an
intronic JAK/STAT responsive enhancer (Lovegrove et al.,
2006), which we found to be active in the posterior lobe (Figures
5A, 5G, and 5G’). A recent screen of the regulatory regions of
invected (inv) and en identified a posterior spiracle enhancer
(Cheng et al., 2014), which consistently drives weak expression
during late posterior lobe development (Figures 5B, 5H, and 5H’).
We discovered a region of the Gef64C gene that is active in both
the posterior spiracle and posterior lobe patterns (Figures 5C, 5I,
and 5I’). We also discovered a region of the Cad86C gene that
consistently recapitulates a portion of its posterior spiracle
expression domain, as well as a lobe-associated pattern that is
specific to lobed species (Figures 5D, 5J, and 5J’, white arrow).
For eya, a new member of the posterior spiracle network identi-
fied in this study, we localized an upstream enhancer that reca-
pitulates its genital expression pattern (Figures 5E and 5K’). This
enhancer is also active in the outer edge of the larval spiracle’s
stigmatophore (Figure 5K). While a previously identified posterior
spiracle enhancer upstream of ems (Jones and McGinnis, 1993;
Figure 5L) lacked activity in the posterior lobe (Figure 5L’), we
identified an additional enhancer located just downstream of
the transcription unit that is activated in both settings (Figures
5F, 5M, and 5M’). This downstream enhancer of ems recapitu-
lates a previously undescribed activity in the outer edge of
the stigmatophore (Figures 5N’ and 5P’) but is not active in the
initial spiracular chamber pattern (Figure 5P). In conclusion, we
have identified seven enhancers (Poxn, crumbs, en, Gef64C,
Cad86C, eya, and ems) of the posterior lobe network that can
be traced to overlapping functions in the posterior spiracle.
Given the large size of their respective regulatory regions, wesent more generally throughout the lateral plate from which the lobe
emerges.
(J–N) Downstream spiracle network factors Eya (J) and En (K), as well as
terminal differentiation factors Crb (L), Gef64C (M), and Cad86C (N), are all
expressed at specific regions and stages of posterior lobe development.
(O–S) Transgenic RNAi hairpin mediated reduction in expression of spiracle
network members ems (O), crb (P), Gef64C (Q), Cad86C (R), or eya (S) alters
the size of posterior lobe compared to a control (shown in C).
(T) Boxplot depicting the relative area of posterior lobes subject to RNAi
treatments and normalized to a control. Asterisks denote significant differ-
ences (Student’s paired t test, *p < 0.05, **p < 0.005). Whiskers denote 1.5
times the interquartile range above and below the first and third quartiles.
Dashed lines mark the position of the developing posterior lobe (A, B, G–N)
or demonstrate altered posterior lobe shape (D–F and O–S) compared to a
control (C). Arrowhead in (N) identifies a pattern that is not unique to lobed
species (Figure S6E). See also Figures S4 and S5.
evier Inc.
Figure 5. Co-option of Posterior Spiracle Enhancers to Posterior Lobe Development
(A–F) Schematic diagrams of genomic loci in which an enhancer activated in both the posterior lobe and posterior spiracle were localized (orange boxes).
Reporter constructs contain the schematized segment fused to either GFP or Gal4.
(G–M andG’–M’) GFP reporter expression driven in transgenicD.melanogaster by enhancers for crb (G andG’), en (H andH’),Gef64C (I and I’),Cad86C (J and J’),
eya (K and K’), ems upstream (US) enhancer (L and L’), and ems DS enhancer (M and M’) in the posterior spiracle (G–M) and in the posterior lobe (G’–M’).
(N–P) emsmRNA is first present at stage 11 in cells that contribute to the spiracular chamber (N), a pattern recapitulated by the emsUS reporter (O), but not by the
ems DS reporter (P).
(N’–P’) ems is also active later during posterior spiracle development around the border of the stigmatophore (N’, arrow) and in each embryonic segment, a
pattern that is not encoded in the upstream enhancer (O’), but is recapitulated by the emsDS reporter (P’, arrow). (L’) The emsUS reporter is not expressed within
the developing posterior lobe. (J’) In addition to a lobe specific pattern (arrow), theCad86C reporter also recapitulates a conserved pattern at the edge of the anal
plate (arrowhead).postulated that the coincidence of lobe and spiracle enhancers
would be highly unlikely due to chance alone. Simulations in
which we randomized the locations of lobe and spiracle reporter
fragments across the full extent of each of the seven loci
confirmed an extremely low probability that the observed lobe
and spiracle enhancer fragments would overlap by a single
nucleotide (p = 6 3 108).
The Activation of Enhancers in Both New and Old
Contexts Depends on Direct Input from Hox and
Signaling Pathway Factors
A hallmark of co-option of regulatory sequences is the use of
individual transcription factor binding sites in two or more devel-
opmental contexts (Rebeiz et al., 2011). The similarities in lobe
and spiracle network topologies and enhancer locations strongly
suggested that transcription factor binding sites within posteriorDevelopmenspiracle enhancers would be required for posterior lobe function.
Therefore, we searched for conserved transcription factor
binding sites that could mediate functions common to both net-
works. Within the Poxn posterior lobe enhancer, we identified in-
stances of high-quality binding sites for STAT and Abd-B, both of
which were contained within an 897 bp fragment active in both
contexts (Figure S3A). In addition, we identified a high-quality
binding site for STAT within a 294-bp interval defined by two
overlapping reporters of the eya enhancer that were active in
both locations (Figures S6C and S6D). Comparisons to other
sequenced Drosophila species revealed that these three sites
are highly conserved (Figure 6A), consistent with their potential
function in the deeply conserved posterior spiracle structure.
Introduction of a 2-bp mutation that is known to disrupt STAT
binding (Lovegrove et al., 2006) drastically reduced activity of
the Poxn reporter in both the posterior lobe and posteriortal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 525
Figure 6. Redeployment of Poxn and eya in the Posterior Lobe
Required Ancestral Binding Sites for Abd-B and STAT that Function
in the Posterior Spiracle Context
(A) Alignment of a Stat92E binding site (purple text) and an Abd-B binding site
(green text) of the Poxn lobe and spiracle enhancer and a Stat92E binding site
(purple text) of the eya lobe and spiracle enhancer, showing near perfect
conservation among sequenced Drosophila species.
(B–D and B’–D’) Mutations to two bases in a STAT binding site (C and C’) or
three bases in an Abd-B binding site (D and D’) reduces both posterior spiracle
(C and D) and posterior lobe (C’ and D’) activity compared to the wild-type
Poxn enhancer (B and B’).
(E, E’, F, and F’) Mutation of two bases in a STAT binding site (F and F’) reduces
both posterior spiracle (F) and posterior lobe (F’) activity compared to the wild-
type eya enhancer (E and E’).
See also Figure S6.spiracle (Figures 6B, 6B’, 6C, and 6C’) and similarly eliminated
activity of the eya enhancer reporter in both settings (Figures
6E, 6E’, 6F, and 6F’). Introduction of a 3-bp mutation that dis-
rupts Abd-B binding (Williams et al., 2008) extinguished Poxn
enhancer activity in the posterior lobe and significantly reduced
posterior spiracle expression by 57% (Figures 6D and 6D’).
These results demonstrate the co-option of enhancers into a
novel setting through the redeployment of pre-existing transcrip-
tion factor binding sites.
DISCUSSION
Here, we have shown how a GRN underlying a novel structure,
the posterior lobe, is composed of components that are active
in the embryonic posterior spiracle, an ancestral Hox-regulated526 Developmental Cell 34, 520–531, September 14, 2015 ª2015 Elsstructure that was present at the inception of this novelty
(Figure 7). These findings confirm previous speculation that
network co-option proceeds through the re-use of individual
transcription factor binding sites within enhancer sequences
(Gao and Davidson, 2008; Monteiro and Podlaha, 2009). Further,
our data help calibrate expectations concerning the degree of
physical similarity between novel and ancestral structures during
co-option events. Below, we briefly discuss how the architecture
of the posterior spiracle network may have predisposed it for
co-option in the genitalia, and we explore the general implica-
tions of our findings with regard to the origins of morphological
novelty.
While our results illustrate the downstream consequences of
co-option, the upstream causative events await characteriza-
tion. We suspect that some number of high-level regulators of
the posterior spiracle network recently evolved novel genital
expression patterns through alterations within their regula-
tory regions. Currently, Unpaired represents the best candidate
upstream factor, as it is positioned near the top of the spiracle
network, differs in expression greatly between lobed and non-
lobed species (unlike Spalt and Abd-B), and is the only high-
level factor in the spiracle network for which a shared lobe
and spiracle enhancer has yet to be identified (Figure 7C).
Indeed, a reporter screen of the 30 kb of regulatory DNA imme-
diately surrounding the upd gene identified a posterior spiracle
enhancer that is not deployed in the posterior lobe, marking an
important point of divergence separating the posterior spiracle
and posterior lobe networks (Figures 7D–7F). However, the
identification of enhancers controlling upd expression in the
posterior lobe will be required to resolve its role in this struc-
ture’s origination.
The architecture of the posterior spiracle network may have
shaped the possible developmental contexts in which it could
be co-opted. The Hox factor Abd-B has a deeply conserved
role in the insect abdomen and genitalia (Kelsh et al., 1993;
Yoder and Carroll, 2006). The top-level factors of the posterior
spiracle network depend upon Abd-B for activation in the em-
bryo (Figure 3G) (Hu and Castelli-Gair, 1999). This regulation
by Abd-B extends to lower tiers of the network, such as Poxn
(Figures 6A, 6D, and 6D’; Table S1). The tight integration of
Abd-B with multiple tiers of the posterior spiracle network
may have limited this network’s re-deployment to posterior
body segments that express Abd-B. Indeed, several compo-
nents of this network (Poxn, ems, upd) are activated early during
genital development in the presumptive cleavage furrow sepa-
rating the lateral plate from the clasper (Figures 2B, S4K, and
S4A). This may represent the aftereffect of multiple waves of
re-deployment in Abd-B expressing tissues. Examination of
additional examples of network co-option at the level of constit-
uent regulatory sequences could reveal general rules that
govern and bias network redeployment.
Historically, the identification of co-option events has relied
upon comparative analyses of gene co-expression. The first
examples of co-option were diagnosed by finding novel gene
expression patterns near zones of ancestral function, such as
the deployment of the posterior wing patterning circuit within
novel butterfly eyespots (Keys, 1999). Subsequently, many ex-
amples of co-option have involved educated guesses of the
types of networks that contribute to the novelty, such as theevier Inc.
Figure 7. Model Depicting the Co-option of
Genes, Enhancers, and Transcription Factor
Binding Sites during the Origination of the
Novel Posterior Lobe
(A) The posterior spiracle enhancer of Poxn binds
Abd-B and phosphorylated STAT in the embryonic
posterior spiracle anlagen to activate expression
(‘‘ON’’) (top). In species lacking a posterior lobe,
the enhancer is not activated during genital
development (‘‘OFF’’) (middle). The deployment of
regulatory factors of the spiracle network during
late stages of genital development in lobed spe-
cies resulted in the activation of the Poxn spiracle
enhancer by Abd-B and activated STAT (bottom).
(B and C) Summary of Poxn expression (B) and
the status of the posterior spiracle network (C) in
the three developmental contexts. (C) Expressed
genes are shaded in green, while inactive genes
are shaded gray. Genes activated by a shared lobe
and spiracle enhancer are outlined with red
dashes. The yellow dashes surrounding the upd
node indicate its activation in the spiracle through
an enhancer that lacks lobe activity.
(D) Schematic diagram of the upd locus in which
a posterior spiracle enhancer was identified
(orange box).
(E and F) Reporter construct containing the sche-
matized segment fused to a GFP reporter is active
in the posterior spiracle (E), but not in the posterior
lobe (F).
(G and H) Illustrated three-dimensional models of
the developing posterior spiracle at embryonic
stage 13 (G) and the developing posterior lobe (H).
Important structural domains for both tissues are
identified. The Hox gene Abd-B is expressed in
all depicted genital structures and is deployed
throughout the entire body segment containing the
posterior spiracle. Zones of expression for top-tier
factors Spalt (green), Ems (blue), and Cut (red) are
shown. The JAK/STAT signaling pathway ligand
Unpaired is shown in white, with arrows pointing
toward tissues in which the JAK/STAT signaling
response has been demonstrated. Downstream
network genes Eya (yellow), Poxn, Engrailed,
Crumbs, Gef64C, and Cad86C are deployed in
distinct portions of both tissues.
See also Figure S7.role of the appendage specification network within beetle horns
(Moczek and Nagy, 2005; Moczek et al., 2006) or the sharing of
the biomineralization network between adult and larval skeletons
of sea urchins (Gao and Davidson, 2008). Our data suggest that
tracing the evolutionary origins of individual enhancers provides
a less biased path for connecting novelties to their ancestral
beginnings, as any of the seven enhancers we have character-
ized in the posterior lobe would have led us to the spiracle
network. Further, this approach is likely to illuminate the underly-
ing cellular mechanisms by which the co-option of a network is
translated into a novel developmental outcome.
Rather than generating a serial homolog of the posterior
spiracle, the co-option event forming the posterior lobe resulted
in an epithelial outgrowth, likely owing to the deployment of only
a portion of the spiracle network in the genitalia. This is reflectedDevelopmenby the absence of the Cut transcription factor and downstream
genes (Figures S7B–S7L) that control the spiracular chamber’s
development (Hu and Castelli-Gair, 1999). Of the 10 genes we
have identified in both networks, 9 are active in the stigmato-
phore (Figures 7G and 7H), the outer sheath of the posterior
spiracle that protrudes from the body through a process that in-
volves convergent extension (Brown and Castelli-Gair Hombrı´a,
2000; Hu and Castelli-Gair, 1999). Collectively, these findings
imply that similar morphogenic processes are activated by
this shared network in the novel setting of the posterior lobe.
We propose that the inspection of enhancers underlying other
novel three-dimensional structures may reveal similar networks
that have been used over and over again to generate ‘‘unique
styles of architecture’’ within developing tissues (Zuckerkandl,
1976).tal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 527
EXPERIMENTAL PROCEDURES
Fly Strains and Husbandry
All flies were reared on a standard cornmeal medium. Species used in this
study were obtained from the University of California, San Diego Drosophila
Stock Center (Drosophila biarmipes #0000-1028.01, Drosophila ananassae
#0000-1005.01, Drosophila simulans #14021-0251.165, Drosophila pseu-
doobscura #0000-1006.01, Drosophila sechellia #14021-0248.03, Drosophila
erecta #14021-0224.01, Drosophila yakuba #14021-0261.00). The Drosophila
melanogaster line used in this study is mutant for yellow andwhite (y1w1, Bloo-
mington Stock Center #1495) and was isogenized for eight generations.
Pupal Genital Sample Preparation
To collect developmentally staged genital samples, white prepupae were
sorted by sex and incubated at 25C for 24 to 48 hr. Pupae were cut in half
in cold PBS, extricated from the pupal case, and flushed with cold PBS to
remove fat bodies and internal organs while preserving the developing genital
epithelium. Carcasses were then fixed in PBS with 0.1% Triton-X and 4% par-
aformadehyde (PBT-fix) at room temperature for 30 min. Samples containing
fluorescent reporters were washed three times for 10 min in PBS with 0.1%
Triton-X (PBT), then imaged immediately. Samples to be used for in situ hybrid-
ization were rinsed twice in methanol and stored in ethanol at 20C.
Embryo Collection
Embryos were collected from grape agar plates (Genesee Scientific) in egg-lay
chambers that were incubated at 25C for up to 20 hr. Embryos were dechor-
ionated in 50% bleach for 3 min, washed in distilled water, and collected on a
nitrile filter. Embryos were then fixed for 20 min in scintillation vials containing
PBS, 2% paraformaldehyde, and 50% heptane. The PBS layer was removed
from the vial and replaced with an equal amount of methanol. Samples to be
used for in situ hybridization were vortexed for 30 s, removed from the meth-
anol layer, rinsed twice in methanol, then stored in ethanol. Samples contain-
ing fluorescent reporters or to be used for immunostaining were shaken vigor-
ously by hand for 1 min, rinsed in methanol once, then quickly rinsed in PBT
three times to prevent the degradation of GFP and antibody epitopes.
Immunostaining
Embryo and genital samples were incubated overnight at 4Cwith primary an-
tibodies diluted in PBT. The following primary antibodies were used: rabbit-
anti-Poxn 1:100 (Dambly-Chaudie`re et al., 1992), rabbit anti-Ems 1:200 (Dalton
et al., 1989), rabbit anti-Spalt 1:500 (Barrio et al., 1996), mouse anti-Eya 1:100
(Bonini et al., 1997), mouse anti-Crb 1:50 (Tepass and Knust, 1993), mouse
anti-Engrailed/Invected 1:500 (Patel et al., 1989), rat anti-E-cadherin 1:100
(antibody DCAD2, Developmental Studies Hybridoma Bank), and mouse
anti-Cut 1:100 (antibody 2B10, Developmental Studies Hybridoma Bank). Af-
ter several washes with PBT to remove unbound primary antibody, samples
were incubated overnight in diluted secondary antibody (donkey anti-mouse
Alexa 488, and donkey anti-rabbit Alexa 647, both at 1:400 dilution from Mo-
lecular Probes, or goat anti-rat Alexa 488 at 1:200 dilution from Molecular
Probes) to detect bound primary antibody. Samples were washed in PBT to
remove unbound secondary antibody, incubated for 10 min in 50% PBT and
50% glycerol solution, then mounted on glass slides in an 80% glycerol
0.1 M Tris-HCL (pH 8.0) solution.
In Situ Hybridization
The in situ hybridization was performed as previously described in Rebeiz et al.
(2009), with the modification that we used an InsituPro VSi robot (Intavis Bio-
analytical Instruments). Fixed embryo and genital samples were first dehy-
drated in a 50% xylenes/50% ethanol solution for 30min at room temperature.
Xylenes were removed by several washes with ethanol before the samples
were loaded into the InsituPro VSi. During the automated steps, the samples
were washed in methanol, rehydrated in PBT, fixed in PBT-fix, incubated in
1:25,000 proteinase K PBT (from a 10 mg/mL stock solution), fixed in PBT-
fix, and subjected to several washes in hybridization buffer. Samples were
probed with digoxygenin riboprobes targeting the coding regions of selected
genes (see Supplemental Experimental Procedures, primers for amplifying
species-specific mRNA probes) for 18 hr at 65C. Unbound riboprobe was
removed in several subsequent hybridization buffer washes and washed528 Developmental Cell 34, 520–531, September 14, 2015 ª2015 Elsseveral times in PBT. Samples were removed from the robot and incubated
overnight in PBT with 1:6,000 anti-digoxygenin antibody Fab fragments con-
jugated to alkaline phosphatase (Roche Diagnostics). Alkaline phosphatase
staining was then developed for several hours in nitro-blue tetrazolium chlo-
ride and 5-bromo-4-chloro-30-indolyphosphate p-toluidine salt (NBT/BCIP)
color development substrate (Promega). Samples were then washed in PBT
and mounted on glass slides in an 80% glycerol 0.1 M Tris-HCL (pH 8.0)
solution.
Transgenic Constructs
Enhancer elements were cloned using the primers listed in Supplemental
Experimental Procedures (primers used for transgenic constructs) and in-
serted into the vector pS3aG (GFP reporter) or pS3aG4 (Gal4 reporter) using
AscI and SbfI restriction sites as previously described (Williams et al., 2008).
The primers were designed and sequence conservation was assessed using
the GenePalette software tool (Rebeiz and Posakony, 2004). Targeted regions
were cloned from genomic DNA purified using the DNeasy Blood & Tissue Kit
(QIAGEN). Transcription factor binding site mutations were introduced using
overlap extension PCR with mutant primers (see Supplemental Experimental
Procedures, primers for generating mutant binding site reporters by overlap
extension PCR). All GFP reporters were inserted into the 51D landing site on
the second chromosome (Bischof et al., 2007) or the third chromosome
68A4 ‘‘attP2’’ site (Groth et al., 2004) by Rainbow Transgenics. Gal4 insertions
depicted in Figure S3were inserted into the 68E1 landing site on the third chro-
mosome (Bischof et al., 2007). A full list of transgenes and insertions sites is
listed in Supplemental Experimental Procedures (transgenic lines analyzed).
The Poxn rescue construct depicted in Figure 3F of the main text contains a
7.8-kb genomic fragment containing 3 kb upstream of the Poxn coding unit,
including the Poxn promoter, and the first three exons and two introns of
Poxn (which includes the lobe and spiracle enhancer). The remainder of the
Poxn gene was joined to this construct from a Poxn CDNA. This construct
(‘‘L2’’) is identical to the ‘‘L1’’ construct published by Boll and Noll (2002), but
differs by the inclusion of 1.5 kb additional sequence upstreamof the promoter.
The following GFP and Gal4 reporters were obtained from existing sources.
10XStat92E-GFP reporter was obtained from Erika Bach (Bach et al., 2007).
Poxn-Gal4 (construct #13 from Boll and Noll, 2002) and UAS-Poxn was ob-
tained from Werner Boll. armadillo-GFP was obtained from the Bloomington
Drosophila Stock Center (#8556). Several enhancer-GAL4 lines from the Rubin
collection (Pfeiffer et al., 2008) were obtained from the BloomingtonDrosophila
Stock Center (BDSC) and are listed in Supplemental Experimental Procedures
(transgenic lines analyzed). Transgenic RNAi lines from the Harvard TRiP proj-
ect include dome (#34618), Stat92E (#33637) hop (#32966), crb (#40869),
Cad86C (#27295),Gef64C (#31130), ems (#50673), and eya (#35725).mCherry
(#35785), a gene that is not present in the Drosophila genome, was used as a
control for RNAi experiments. The salm-Gal4 driver (#25755) was also ob-
tained from the BDSC.
Microscopy
Adult posterior lobe cuticles and stained in situ hybridization samples were
imaged on a Leica M205 stereomicroscope with a 1.63 objective with the
extended multi-focus function. Samples stained with fluorescent antibodies
or containing fluorescent reporters were imaged via confocal microscopy at
203 magnification on an Olympus Fluoview 1000 microscope. SEM images
of third instar larvae were obtained as previously described by Higashijima
et al. (1992).
For each transgenic construct, 3–5 independent lines inserted into the 51D
landing site (Bischof et al., 2007) or 68A4 ‘‘attP2’’ landing site (Groth et al.,
2004) were derived. A list of reporters and corresponding landing sites are re-
ported in Supplemental Experimental Procedures (transgenic lines analyzed).
We compared the relative expression of multiple lines in the genitalia to deter-
mine the normal reporter activity of each construct. For quantitative measures,
relative fluorescence of the Poxn and eya posterior lobe enhancers and con-
structsmutant for STAT and Abd-B sites were determined in both the posterior
lobe and posterior spiracle contexts. Mounted genital and embryo samples
were imaged at 203 magnification under identical, non-saturating settings
uniquely optimized for each sample type. Relative expression within the lobe
or spiracle was quantified using ImageJ and assessed using a Student’s
paired t test.evier Inc.
Simulations of Posterior Lobe and Spiracle Enhancer
Co-occurrence
The lengths of shared enhancers and the length of each regulatory region in
which these enhancers were embedded were input into an in-house Perl
script, CRE-overlap-sim. This program randomizes the location of two equally
sized segments of DNA (the size of each reporter fragment tested) across the
length of each gene’s potential regulatory sequence (the distance from the
upstream gene to the gene downstream). For each simulation, the script
measures whether the two segments overlapped and counts a successful
co-occurrence when all of the input enhancers overlap by the designated
number of nucleotides in their respective regulatory regions. A large overlap,
which would be expected for co-opted enhancer sequences, will reduce the
measured probability of co-occurrence. Our simulations specified a 1 nucleo-
tide overlap, which represents the most permissive and thus most stringent
setting possible to detect non-random co-occurrence. 500,000,000 simula-
tions were performed, and the average p value as presented in the main text
was calculated.
Identification of Shared and Distinct Posterior Spiracle and
Posterior Lobe Enhancers
A combination of comprehensive whole gene surveys and targeted candidate
region tests of non-coding regions of genes shared between the two networks
was employed to identify co-opted enhancers. In the case of five out of eight of
the identified enhancers, multiple constructs inserted in at least two distinct
genomic locations were tested for activity. For the whole gene surveys, with
the exception of upd, we used lines from the Rubin GAL4 collection (Jenett
et al., 2012; Pfeiffer et al., 2008), in which non-coding sequences are fused
to the GAL4 transcription factor and inserted into the attP2 site on the third
chromosome. We supplemented these searches with constructs we gener-
ated (see Transgenic Constructs) when necessary. Primers used to amplify re-
porter constructs are presented in Supplemental Experimental Procedures
(primers used for transgenic constructs). We detail the search for each of these
enhancers below.
crb
Lovegrove et al. (2006) identified a spiracle enhancer located in the first
intron, for which we cloned an identical segment into our reporter system.
Additionally, we screened all intronic sequences using the Rubin-Gal4 collec-
tion, in which the construct overlapping the Lovegrove fragment uniquely
recapitulated lobe expression. We additionally cloned the upstream region
of crb into our GFP reporter system, and this fragment was not active in the
posterior lobe.
en
Cheng et al. (2014) screened the regulatory regions surrounding engrailed and
invected. The ‘‘D’’ enhancer from the intergenic region between inv and enwas
shown to specifically recapitulate the posterior spiracle activity of en. We re-
constituted this enhancer by designing primers to clone the identical segment
into our reporter system. This construct drove strong expression similar to
endogenous posterior spiracle en activity as reported by Cheng et al. (2014)
and weak, but consistent, activity within a subset of the posterior lobe, mirror-
ing the levels that appear late during posterior lobe development (Figure S5B).
eya
We screened the upstream region and introns of eya using the Rubin Gal4
collection. This screen identified a single posterior lobe activity just upstream
of the transcription unit. We further confirmed the activity of this enhancer frag-
ment by inserting it into our GFP reporter system, which showed activity in the
posterior lobe as well. Both the GFP reporter and the Rubin Gal4 constructs
were expressed in the posterior spiracle. We further refined the size of this
regulatory region by testing overlapping fragments of the D. sechellia eya
enhancer. Two fragments that overlap by 294 bp were active in both spiracle
and lobe tissues (Figures S6C, S6C’, S6D, and S6D’). The smallest fragment
tested was 1,060 bp.
ems
Rubin Gal4 lines existed for nearly all of the 67-kb region encompassing the
non-coding DNA surrounding ems. To test a portion of the regulatory region
upstream of the ems promoter that is not included in the Rubin Gal4 collection,
we cloned three additional overlapping regions into our GFP reporter system.
We first tested a Rubin Gal4 line that contains the previously identified up-
stream enhancer for the spiracular chamber (Jones and McGinnis, 1993) (Fig-Developmenure 5F). This line faithfully reproduced spiracular chamber expression (Figures
5L and 5O), but was not active in the ems posterior lobe pattern (Figure 5L’).
Screening the other Rubin collection lines of ems for genital activity, we iden-
tified a fragment just downstream of the transcription unit that drove expres-
sion partially recapitulating the lobe expression of ems. To determine if this
enhancer was indeed distinct from the posterior spiracle activity, we examined
its expression in stage 13 embryos and noticed that it was active in the outer
stigmatophore (Figures 5M and 5P’), a pattern that recapitulates endogenous
ems expression (Figure 5N’). We cloned a subfragment of this downstream
enhancer into our GFP reporter system, confirming the activity of this segment
in the posterior lobe and spiracle. In addition, we cloned the orthologous
segment of DNA from D. ananassae into our reporter system, demonstrating
that a non-lobed species version of ems downstream is capable of driving
expression within the posterior lobe (Figure S6B’).
Gef64C
A survey of the non-coding region of Gef64C identified a segment containing
several binding sites for genes in the spiracle network, including a high-affinity
binding site for Abd-B (Ekker et al., 1994) and two candidate STAT binding
sites, all of which were conserved to D. pseudoobscura. Fusing this segment
of DNA into our reporter system revealed expression in the spiracular chamber
of the posterior spiracle, embryonic hindgut, and in several zones in the devel-
oping genitalia that recapitulate its endogenous expression (clasper, lobe, anal
plate, and hypandrium; Figure 4M). Further truncation of this segment of DNA
separated the posterior spiracle and posterior lobe patterns from the other
activities, localizing this enhancer to the first intron. This truncation includes
the two candidate STAT binding sites, but not the candidate Abd-B binding
site (Table S1).
Cad86C
A screen of the non-coding regions surrounding Cad86C identified an intronic
region near the promoter that included a Spalt site (Barrio et al., 1996), which is
conserved to D. ananassae (Table S1). We cloned a 3,003-bp segment of DNA
that included this region into our reporter system. This reporter consistently
recapitulated a portion of the endogenous Cad86C activity in the posterior
spiracle and embryonic anus (Figure 5J; Figure S5E) and drove expression
in the anal plate pattern common to both lobed and non-lobed species
(Figure 5J’, arrowhead; Figure S5E), as well as the lobe-specific pattern just
posterior to the lobe (Figure 5J’, arrow; Figure S5E).
upd
We screened the 30-kb intergenic non-coding DNA between upd (also os)
and its neighboring genes upd3 and CG6023 by cloning eight overlapping
segments into our reporter system. One reporter directly downstream of upd
drove expression within the posterior spiracle (Figure 7E), matching the
endogenous upd pattern (Figure S4G), and none of the tested reporters drove
expression within the posterior lobe. The region that drove posterior spiracle
expression contains a high-quality match to the Abd-B binding site (Ekker
et al., 1994), which is conserved to at least D. virilis.
Identification of Predicted Conserved Transcription Factor Binding
Sites in Minimal Shared Enhancers
Using the GenePalette Software tool (Rebeiz and Posakony, 2004), we
compared the orthologous regions of the shared posterior spiracle and
posterior lobe enhancers from D. melanogaster, D. simulans, D. yakuba,
D. biarmipes, D. ananassae, D. pseudoobscura, and D. virilis. We screened
for predicted binding sites for STAT (Yan et al., 1996) and Spalt (Barrio et al.,
1996) and for a high-fidelity binding site for Abd-B (Ekker et al., 1994). Putative
conserved transcription factor binding sites are listed in Table S1.
SUPPLEMENTAL INFORMATION
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seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.08.005.
AUTHOR CONTRIBUTIONS
M.R. and W.J.G. designed the study, performed experiments, and wrote the
paper. W.C.J. cloned constructs and established transgenic lines. Y.L. and
N.R.D. screened and characterized the eya enhancer. S.J.S screened thetal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 529
upd locus. W.B. and M.N. performed analyses of Poxn expression and mutant
phenotypes in the posterior spiracle. All authors discussed the results and
commented on the manuscript.
ACKNOWLEDGMENTS
The authors thank J.N. Pruitt, T.M. Williams, J. Posakony, and members of the
M.R. laboratory for thoughtful discussions and comments on the manuscript.
We thank W. McGinnis, R. Barrio, and the Developmental Studies Hybridoma
Bank for generously providing antibodies used in this study. Drosophila strains
were provided by the UCSD Drosophila species stock center, the Harvard
TRiP, and the Bloomington Drosophila stock center. E. Bach, B. Gyeong-
Hun, G. Campbell, and A. Kopp provided Drosophila stocks. This work was
supported by a grant from the NIH (GM107387 to M.R.) and the Alfred P. Sloan
Foundation (toM.R.). N.R.D. was supported by an HHMI grant to the University
of Pittsburgh.
Received: December 2, 2014
Revised: July 23, 2015
Accepted: August 10, 2015
Published: September 3, 2015
REFERENCES
Abouheif, E. (1999). Establishing homology criteria for regulatory gene
networks: prospects and challenges. Novartis Found. Symp. 222, 207–221,
discussion 222–225.
Bach, E.A., Ekas, L.A., Ayala-Camargo, A., Flaherty, M.S., Lee, H., Perrimon,
N., and Baeg, G.H. (2007). GFP reporters detect the activation of the
Drosophila JAK/STAT pathway in vivo. Gene Expr. Patterns 7, 323–331.
Barrio, R., Shea, M.J., Carulli, J., Lipkow, K., Gaul, U., Frommer, G.,
Schuh, R., Ja¨ckle, H., and Kafatos, F.C. (1996). The spalt-related gene
of Drosophila melanogaster is a member of an ancient gene family, defined
by the adjacent, region-specific homeotic gene spalt. Dev. Genes Evol.
206, 315–325.
Bischof, J., Maeda, R.K., Hediger, M., Karch, F., and Basler, K. (2007). An
optimized transgenesis system for Drosophila using germ-line-specific
phiC31 integrases. Proc. Natl. Acad. Sci. USA 104, 3312–3317.
Boll, W., and Noll, M. (2002). The Drosophila Pox neuro gene: control of male
courtship behavior and fertility as revealed by a complete dissection of all
enhancers. Development 129, 5667–5681.
Bonini, N.M., Bui, Q.T., Gray-Board, G.L., and Warrick, J.M. (1997). The
Drosophila eyes absent gene directs ectopic eye formation in a pathway
conserved between flies and vertebrates. Development 124, 4819–4826.
Bonner, J.T. (1998). The origins of multicellularity. Integr. Biol. 1, 27–36.
Brown, S., and Castelli-Gair Hombrı´a, J. (2000). Drosophila grain encodes a
GATA transcription factor required for cell rearrangement during morphogen-
esis. Development 127, 4867–4876.
Celniker, S.E., Keelan, D.J., and Lewis, E.B. (1989). The molecular genetics of
the bithorax complex of Drosophila: characterization of the products of the
Abdominal-B domain. Genes Dev. 3, 1424–1436.
Cheng, Y., Brunner, A.L., Kremer, S., DeVido, S.K., Stefaniuk, C.M., and
Kassis, J.A. (2014). Co-regulation of invected and engrailed by a complex array
of regulatory sequences in Drosophila. Dev. Biol. 395, 131–143.
Coyne, J. (1993). The genetics of an isolating mechanism between two sibling
species of Drosophila. Evolution (N. Y.) 47, 778–788.
Crick, F.H. (1968). The origin of the genetic code. J. Mol. Biol. 38, 367–379.
Dalton, D., Chadwick, R., andMcGinnis, W. (1989). Expression and embryonic
function of empty spiracles: a Drosophila homeo box gene with two patterning
functions on the anterior-posterior axis of the embryo. Genes Dev. 3 (12A),
1940–1956.
Dambly-Chaudie`re, C., Jamet, E., Burri, M., Bopp, D., Basler, K., Hafen, E.,
Dumont, N., Spielmann, P., Ghysen, A., and Noll, M. (1992). The paired box
gene pox neuro: a determinant of poly-innervated sense organs in
Drosophila. Cell 69, 159–172.530 Developmental Cell 34, 520–531, September 14, 2015 ª2015 ElsDavidson, E.H. (2001). Genomic Regulatory Systems: Development and
Evolution (Academic Press).
Dong, P.D., Todi, S.V., Eberl, D.F., and Boekhoff-Falk, G. (2003). Drosophila
spalt/spalt-related mutants exhibit Townes-Brocks’ syndrome phenotypes.
Proc. Natl. Acad. Sci. USA 100, 10293–10298.
Eberhard, W.G. (1985). Sexual Selection and Animal Genitalia (Harvard
University Press).
Ekker, S.C., Jackson, D.G., von Kessler, D.P., Sun, B.I., Young, K.E., and
Beachy, P.A. (1994). The degree of variation in DNA sequence recognition
among four Drosophila homeotic proteins. EMBO J. 13, 3551–3560.
Estrada, B., and Sa´nchez-Herrero, E. (2001). The Hox gene Abdominal-B
antagonizes appendage development in the genital disc of Drosophila.
Development 128, 331–339.
Foronda, D., Estrada, B., de Navas, L., and Sa´nchez-Herrero, E. (2006).
Requirement of Abdominal-A and Abdominal-B in the developing genitalia
of Drosophila breaks the posterior downregulation rule. Development 133,
117–127.
Gao, F., and Davidson, E.H. (2008). Transfer of a large gene regulatory appa-
ratus to a new developmental address in echinoid evolution. Proc. Natl. Acad.
Sci. USA 105, 6091–6096.
Groth, A.C., Fish, M., Nusse, R., and Calos, M.P. (2004). Construction of trans-
genic Drosophila by using the site-specific integrase from phage phiC31.
Genetics 166, 1775–1782.
Harrison, D.A., McCoon, P.E., Binari, R., Gilman, M., and Perrimon, N. (1998).
Drosophila unpaired encodes a secreted protein that activates the JAK
signaling pathway. Genes Dev. 12, 3252–3263.
Higashijima, S., Michiue, T., Emori, Y., and Saigo, K. (1992). Subtype determi-
nation of Drosophila embryonic external sensory organs by redundant homeo
box genes BarH1 and BarH2. Genes Dev. 6, 1005–1018.
Hu, N., and Castelli-Gair, J. (1999). Study of the posterior spiracles of
Drosophila as a model to understand the genetic and cellular mechanisms
controlling morphogenesis. Dev. Biol. 214, 197–210.
Jagadeeshan, S., and Singh, R.S. (2006). A time-sequence functional analysis
of mating behaviour and genital coupling in Drosophila: role of cryptic female
choice and male sex-drive in the evolution of male genitalia. J. Evol. Biol. 19,
1058–1070.
Jenett, A., Rubin, G.M., Ngo, T.-T.B., Shepherd, D., Murphy, C., Dionne, H.,
Pfeiffer, B.D., Cavallaro, A., Hall, D., Jeter, J., et al. (2012). A GAL4-driver
line resource for Drosophila neurobiology. Cell Rep. 2, 991–1001.
Jones, B., and McGinnis, W. (1993). The regulation of empty spiracles by
Abdominal-B mediates an abdominal segment identity function. Genes Dev.
7, 229–240.
Ju¨rgens, G., Wieschaus, E., Nu¨sslein-Volhard, C., and Kluding, H. (1984).
Mutations affecting the pattern of the larval cuticle in Drosophila melanogaster
II. Zygotic loci on the third chromosome. Dev. Biol. 193, 283–295.
Kelsh, R., Dawson, I., and Akam, M. (1993). An analysis of abdominal-B
expression in the locust Schistocerca gregaria. Development 117,
293–305.
Keys, D.N., Lewis, D.L., Selegue, J.E., Pearson, B.J., Goodrich, L.V.,
Johnson, R.L., Gates, J., Scott, M.P., and Carroll, S.B. (1999). Recruitment
of a hedgehog regulatory circuit in butterfly eyespot evolution. Science
283, 532–534.
Kopp, A., and True, J.R. (2002). Evolution of male sexual characters in the ori-
ental Drosophila melanogaster species group. Evol. Dev. 4, 278–291.
Ku¨hnlein, R.P., Frommer, G., Friedrich, M., Gonzalez-Gaitan, M., Weber, A.,
Wagner-Bernholz, J.F., Gehring, W.J., Ja¨ckle, H., and Schuh, R. (1994). spalt
encodes an evolutionarily conserved zinc finger protein of novel structure
which provides homeotic gene function in the head and tail region of the
Drosophila embryo. EMBO J. 13, 168–179.
Kuraku, S., Usuda, R., and Kuratani, S. (2005). Comprehensive survey of car-
apacial ridge-specific genes in turtle implies co-option of some regulatory
genes in carapace evolution. Evol. Dev. 7, 3–17.
Lovegrove, B., Simo˜es, S., Rivas, M.L., Sotillos, S., Johnson, K., Knust, E.,
Jacinto, A., and Hombrı´a, J.C.-G. (2006). Coordinated control of cellevier Inc.
adhesion, polarity, and cytoskeleton underlies Hox-induced organogenesis in
Drosophila. Curr. Biol. 16, 2206–2216.
Moczek, A.P., and Nagy, L.M. (2005). Diverse developmental mechanisms
contribute to different levels of diversity in horned beetles. Evol. Dev. 7,
175–185.
Moczek, A.P., and Rose, D.J. (2009). Differential recruitment of limb patterning
genes during development and diversification of beetle horns. Proc. Natl.
Acad. Sci. USA 106, 8992–8997.
Moczek, A.P., Rose, D., Sewell, W., and Kesselring, B.R. (2006). Conservation,
innovation, and the evolution of horned beetle diversity. Dev. Genes Evol. 216,
655–665.
Monteiro, A., and Podlaha, O. (2009). Wings, horns, and butterfly eyespots:
how do complex traits evolve? PLoS Biol. 7, e37.
Muller, G.B., and Wagner, G.P. (1991). Novelty in evolution: restructuring the
concept. Annu. Rev. Ecol. Syst. 22, 229–256.
Orgel, L.E. (1968). Evolution of the genetic apparatus. J. Mol. Biol. 38,
381–393.
Patel, N.H., Martin-Blanco, E., Coleman, K.G., Poole, S.J., Ellis, M.C.,
Kornberg, T.B., and Goodman, C.S. (1989). Expression of engrailed proteins
in arthropods, annelids, and chordates. Cell 58, 955–968.
Pfeiffer, B.D., Jenett, A., Hammonds, A.S., Ngo, T.T., Misra, S., Murphy, C.,
Scully, A., Carlson, J.W.,Wan, K.H., Laverty, T.R., et al. (2008). Tools for neuro-
anatomy and neurogenetics in Drosophila. Proc. Natl. Acad. Sci. USA 105,
9715–9720.
Rebeiz, M., and Posakony, J.W. (2004). GenePalette: a universal software tool
for genome sequence visualization and analysis. Dev. Biol. 271, 431–438.
Rebeiz, M., Pool, J.E., Kassner, V.A., Aquadro, C.F., and Carroll, S.B. (2009).
Stepwise modification of a modular enhancer underlies adaptation in a
Drosophila population. Science 326, 1663–1667.DevelopmenRebeiz, M., Jikomes, N., Kassner, V.A., and Carroll, S.B. (2011). Evolutionary
origin of a novel gene expression pattern through co-option of the latent
activities of existing regulatory sequences. Proc. Natl. Acad. Sci. USA 108,
10036–10043.
Robertson, H.M. (1988). Mating asymmetries and phylogeny in the Drosophila
melanogaster species complex. Pac. Sci. 42, 72–80.
Sagan, L. (1967). On the origin of mitosing cells. J. Theor. Biol. 14, 255–274.
Small, S., Blair, A., and Levine, M. (1992). Regulation of even-skipped stripe 2
in the Drosophila embryo. EMBO J. 11, 4047–4057.
Tepass, U., and Knust, E. (1993). Crumbs and stardust act in a genetic
pathway that controls the organization of epithelia inDrosophila melanogaster.
Dev. Biol. 159, 311–326.
Williams, T.M., Selegue, J.E., Werner, T., Gompel, N., Kopp, A., and Carroll,
S.B. (2008). The regulation and evolution of a genetic switch controlling sexu-
ally dimorphic traits in Drosophila. Cell 134, 610–623.
Wittkopp, P.J. (2005). Genomic sources of regulatory variation in cis and in
trans. Cell. Mol. Life Sci. 62, 1779–1783.
Yan, R., Small, S., Desplan, C., Dearolf, C.R., and Darnell, J.E., Jr. (1996).
Identification of a Stat gene that functions in Drosophila development. Cell
84, 421–430.
Yassin, A., and Orgogozo, V. (2013). Coevolution between male and female
genitalia in the Drosophila melanogaster species subgroup. PLoS ONE 8,
e57158.
Yoder, J.H., and Carroll, S.B. (2006). The evolution of abdominal reduction and
the recent origin of distinct Abdominal-B transcript classes in Diptera. Evol.
Dev. 8, 241–251.
Zuckerkandl, E. (1976). Programs of gene action and progressive evolution. In
Molecular Anthropology, M. Goodman, R. Tashian, and J. Tashian, eds.
(Springer), pp. 387–447.tal Cell 34, 520–531, September 14, 2015 ª2015 Elsevier Inc. 531
